INTRODUCTION
The effective role of the oceans in the global carbon cycle is a subject of discussion concerning their role in the buffering of the atmospheric man-induced CO2 excess (see Tans et al., 1990; Watson et al., 1991) . While most open ocean waters are close to atmospheric equilibrium, data are lacking for continental shelves, in spite of the fact that they are the site of intense primary production or coastal processes (upwelling, river input) which can induce strong disequilibria with associated high fluxes (Wollast, 1991; Mackenzie et al., 1991) .
Air-sea CO 2 exchange in shelf areas is a fundamental process which could have a significant importance in the global oceanic carbon cycle. The net CO2 flux between air and sea can be estimated using wind speed, seawater temperature and surface partial CO2 pressure values. Field data on surface seawater pCO2 in coastal seas are so far very sparse: for the European Atlantic shelf, the only set of data available are those proposed by Pegler and Kempe (1988) and Kempe and Pegler (1991) for the North Sea, by Scheinder et al. (1992) for the Northeast Atlantic and by Hoppema (1990 Hoppema ( , 1993 about 100 to 600 ppm in near-shore waters, displaying a large range of coastal water quality. Kempe (1982) has studied carbonate equilibria in estuaries (Elbe, Weser and Ems) and reports that oversaturation of river water is usual with pCO2 values which can be as high as 2500 ppm.
In this paper we present inorganic carbon results recently obtained in the English Channel and in the Southern Bight of the North Sea in relation to biological indicators (dissolved oxygen and chlorophyll concentrations).
MATERIAL AND METHODS
Data presented in this paper have been obtained during three cruises on board the R.V. Belgica. Five transects have been carried out through the Channel, three along the English coast (16-18 June 1992 , 19-20 April 1993 and 22-23 September 1993 and two along the French coast (4-6 May 1993 and 6-7 October 1993). The area covered extends from 3°E (Southern Bight of the North Sea) to 6°W (western end of the Channel, see Fig. 1 ).
The pCO 2 is calculated from experimental determination of both pH and total alkalinity (Talk). The latter is obtained from classical Gran electrotitration on 100 ml GF/C filtered samples. Talk calculation is made with corrections for fluoride and sulphate according to Hansson and Jagner (1973) . The accuracy has been checked to be 0.1% (2/~eq kg -1) under laboratory conditions and using pure carbonate standard solutions. The reproducibility at sea on seawater samples is 4/~eq kg -1.
pH is measured using a ROSS combination electrode (Orion transects, it has been calibrated using the Tris buffer proposed by Dickson(1993) on the total proton scale [pH(SWS)]. The reproducibility of pH measurement is 0.2 mVolts, which corresponds to 0.004 unit. During the first transect, the combination electrode has been calibrated using NBS standards and the reproducibility was 0.007 pH unit. pCO: and the complete speciation is calculated according to the pH(SWS) scale (total proton, Mole kg -1) using the CO2 acidity constants from Goyet and Poisson (1989) , the COa solubility coefficient from Weiss (1974) and the borate acidity constant from Hansson (1973) . The total borate molality is calculated using the Culkin (1965) ratio to salinity. The error on pCO2, calculated from uncertainties on pH and Talk, is about 6 ppm. When pH is calibrated using NBS standards, CO2 dissociation constants from Mehrbach et al. (1973) are used and the error on pCO 2 is estimated to be 8-10 ppm.
The dissolved oxygen level is measured according to the classical Winkler method and Chl a concentrations are determined using the method described by Lorenzen and Jeffrey (1978) . Salinity and temperature have been determined using a CTD probe (Seabird SBE9).
During the first transect (June 1992), subsurface (-3 m) water has been sampled using Niskin bottles at 18 stations (each half longitudinal degree, see Fig. 1 ).
During the 1993 cruises, pH, oxygen, salinity and temperature were measured continuously (sampling frequency of 1 rain) using a fully computerized acquisition system connected to a subsurface (-2 m) seawater pump inlet placed ahead of the ship. Dissolved oxygen was then measured using a polarographic electrode (Kent) and discrete sampling with Niskin bottles was frequently carried out for calibration, as well as for alkalinity determination. Tides have been calculated using the simplified harmonic method and the package provided by the Ministry of Defence Hydrographic Office Product (Admiralty Tide Tables, U.K.).
RESULTS AND DISCUSSION
pCOa data obtained during the three cruises are shown in Fig. 2 . In June 1992, the whole Channel along the English coast (from 6°W to 1.5°E) is undersaturated with respect to the atmosphere and thus was a sink for CO2. The lowest pCO 2 level is about 300 ppm and corresponds to 85% undersaturation. On the other hand, coastal water between 2°E (Calais) and 3°E (Zeebrugge) was oversaturated and the highest value observed, near the Scheldt Mouth is 410 ppm. Results obtained in 1993 show that the pCO 2 distribution displays important variations, both from spatial and temporal point of view. During the spring cruise, the Scheldt Mouth was characterized by notable undersaturation, down to about 100 ppm on 6 May. The Channel was again usually undersaturated but showed some oversaturated areas, between 0.5°W and 3.0°W along the French coast, with a peak at 400 ppm near the Greenwich meridian along the English coast. At this time, surface water in the eastern Channel along the French coast, and in the vicinity of the Seine Mouth, was also strongly undersaturated (220 ppm). The autumn ! 993 profiles confirm the high variability of the system: the Southern Bight of the North Sea, between 2°E and 3°E, was highly oversaturated (up to 670 ppm) and nearly the whole Channel displayed oversaturation that can reach about 550 ppm near the Greenwich meridian. The area along the French coast included between I°W and I°E was again strongly undersaturated.
To understand the observed variability, we have to discuss the pCO2 pattern in terms of pC02 (ppm) processes that are liable to modify the inorganic carbon distribution. As the interface between land and ocean, continental shelves are affected by numerous biological, chemical and physical phenomena that can have a strong effect on CO2 partial pressure. In Fig. 3 , we have plotted the total alkalinity [normalized to 35 psu of salinity, Talk (35)] observed for the three transects carried out along the English coast. While the values observed into the Channel itself are constant, the area eastward of 1.5°E (Southern Bight of the North Sea) displays a very sharp increase with Talk(35), up to 2.6/~eq kg -I near Zeebrugge (3°E). Such a distribution is probably due to the influence of the Scheldt estuary which is known to carry very alkaline water (Frankignoulle et al., 1992) . Because this area also corresponds to the extreme pCO2 values observed in Fig. 2 , it will be discussed in a separate section.
pC02 distribution in the English Channel
The Channel hydrology is complex due to simultaneous processes which influence the local circulation as well as salinity and temperature distributions: important tidal mixing with varying amplitude (the M2 tidal component ranges from about 0 to 2.5 m, Delhez and Martin, 1992) ; presence of frontal discontinuities (e.g. Sournia et al., 1990) ; shallow water with variable depth, narrowing from West to East and several river freshwater inputs (see Fig. 1 ). Using a baroclinic model, Delhez and Martin (1992) have suggested that the area near the Solent Mouth is the site of a very irregular cyclonic residual circulation, due to the depth distribution. Along the French coast in the eastern Channel, important discontinuities between coastal and off-shore waters have been mentioned (e.g. Dupont et al., 1991) . Such coastal fronts, highly influenced by both river discharges and tide, are responsible for large phytoplankton biomass variations (Brunet et al., 1992) . Using hydrological data (Salomon et al., 1993) or the aluminium distribution (Chou and Wollast, 1993) , it has recently been suggested that some water from the North Sea could reach the Channel. One should note that this suggestion is supported by Talk(35) profiles, shown in Due to this complexity, it is quite difficult to attribute observed pCO 2 variations to specific river discharge or other processes, such as coastal fronts or tide influence. Because marine organic matter is formed from dissolved CO2, biological production is an important process liable to produce CO: undersaturation in surface seawater. Watson et al. (1991) have recently compared pCO2 and chlorophyll patterns obtained in the North Atlantic during Spring 1989. Depending on the investigated area, they have obtained three kinds of linear relationship between these variables depending on present and past phytoplankton activity: the peak stage (bloom) linear regression is characterized by the fact that pCO2 nearly intercepts the atmospheric equilibrium value as chlorophyll reaches zero (pCO2 = 358 -16.8[Chl a], r = -0.79), while the linear regression corresponding to the late stage of phytoplanktonic activity yields a lower intercept for the zero chlorophyll level (pCO2 = 299 -6.6[Chl a], r = -0.70). This is because CO2 has to invade the surface layer from the atmosphere to recover the equilibrium value, which is a relatively slow process. Figure 4 shows the regression line obtained by Watson et al. (1991) for the bloom phase as well as our data from the Channel (6°W-1.5°E) obtained during the five cruises. The expected negative correlation is observed in June 1992 and in Spring 1993 when our set of data fits quite well with the relationship proposed for the North Atlantic. However, data from the Autumn 1993 cruise do not agree: the pCO 2 and chlorophyll values are not at all correlated. statistical coefficients which show that the regressions are statistically acceptable within 92 and 99% for June 1992 and April-May 1993, respectively. While our correlation coefficients are low compared to those obtained by Watson et al. (1991) , due to the spatial heterogeneity but also to the lower accuracy in pCOz determination, it is clear that the relationships obtained in June 1992 and April-May 1993 are consistent with a recent or peak phytoplanktonic bloom, according to Watson et al. (1991) data. This observation agrees with the fact that the Channel is a shallow highly energetic environment with seawater quality depending on short time scale events, without any slow atmospheric control. It is worth noticing that the measured chlorophyll level is low compared to values commonly observed in this area: according to Sournia et al. (1990) , chlorophyll concentrations in the Channel range from 0 to 2¢tg 1-1 for low phytoplanktonic content, from 2 to 5 l~g 1-1 in frontal areas (mainly the Ushant front, situated at the western extremity of the Channel) and up to 10 ~g 1-1 during spring planktonic bloom. Our data suggest that, in spite of the relatively low chlorophyll level and heterogeneity in water masses, primary production had a preponderant effect on CO2 system in June 1992 and April-May 1993. The relationship obtained in September-October 1993, however, presents a positive slope and a very low correlation coefficient. At this period, as shown on Fig. 2 , most of the Channel is oversaturated but with a strong and extended undersaturation area near the Seine Mouth. In coastal areas, two major processes are liable to increase drastically the surface water pCO2: upwelling of deep water with pCO2 that can be as high as 500 ppm (e.g. Simpson and Zirino, 1980) and river inputs of water that are usually highly oversaturated (Kempe, 1982) or that contain high organic carbon level which will generate dissolved CO2 when respirated. There is no river input which could explain the fact the whole western Channel is oversaturated, so these observed high pCOz values are probably due to the water entering the Channel from the North Atlantic where upwelling could have occurred. To illustrate the river input influence, Fig. 5 shows salinity distributions observed in May and October 1993 along the French coast, together with the Scheldt flux from January to October 1993. The area between I°W and I°E, in the vicinity of the Seine Mouth, displays a salinity that is about 0.5 psu lower in October and corresponds to the large undersaturated region observed in Fig. 2 . As already mentioned, this is probably due to the spatial variation of the coastal front along the French eastern Channel (Dupont et al., 1991) . In the Southern Bight of the North Sea, a sharp salinity decrease, down to nearly 31 psu, due to the Scheldt influence is observed at 2.30 west in October but is limited to 33.7 psu in May. The Scheldt flux, also given on the figure, is constant from April to September 1993 and displays a slight increase in October.
To further illustrate the difference observed between the last cruise and the first two, Fig. 6 gives pH and dissolved oxygen profiles obtained along the entire transects. These parameters are known to display parallel distributions when photosynthesis and/or respiration are the dominant processes, because the uptake of CO2 to produce organic matter increases the pH and results in a release of oxygen. Figure 6 clearly shows that both parameters are closely correlated in June 1992 and May 1993, when a pCOz-chlorophyll correlation is also observed. The profiles obtained in October 1993 show that no correlation exists between pH and oxygen, suggesting that their distribution is not then mainly determined by biological production, pCO2 depends strongly on pH and comparison of Figs 2 and 6 show that, in June 1992 and May 1993, maxima of both pH and O2 correspond to CO2 undersaturation areas (e.g. in May, at 3.5°W but mainly in the eastern Channel and the North Sea). In October, pCO2 profile is correlated only to pH. Figure 2 showed that the Southern Bight of the North Sea is a site of marked variation in pCO 2 distribution: from 100 ppm in May 1993 to about 700 ppm in October 1993. As already mentioned, this area displays low salinity and high specific alkalinity which characterize an input from the Scheldt. Table 2 gives salinity, total alkalinity, pCO2 and chlorophyll data obtained for each transect off Zeebrugge. Low salinity is clearly correlated to high alkalinity values. According to the eutrophication process which is serious in the Scheldt (Wollast, 1989) , chlorophyll concentration is always high, even during the Autumn cruise. High CO2 oversaturation is observed even for chlorophyll concentration > 5 ktg 1-1 and undersaturation is obtained only for very high chlorophyll content (up to 33/~g 1-1) during Spring. These data suggest that, in this area, CO2 undersaturation will be found only for chlorophyll concentrations higher than 20 ktg 1-1. Frankignoulle et al. (1994) have recently carried out (November 1993) a 24-h experiment in the Scheldt Mouth (51°25'N-3°38'E) and report pCO 2 variations from 350 to 600 ppm in close agreement with the semi-diurnal tidal cycle, with high pCO2 values associated with low tides as expected. Figure 7 gives pCO 2 data, tide level and tidal range off Zeebrugge for the five transects. It is clear from these data that pCO 2 variations observed between transects carried out at the same season (April and May, September and October) are related to the tide: the differences are about 100 ppm for a shift of 20 to 30% of the tidal cycle and of the same order of magnitude as those cited above for the whole cycle. The seasonal evolution can also be discussed qualitatively from data presented in Fig. 7 . In June 1992 the surface water is oversaturated at low tide while in April-May 1993, low tide corresponds to an important undersaturation. In April-May, Fig. 6 . Distribution of pH (full line) and dissolved oxygen (dotted line) observed during the three cruises. 1992 data are from the English coast, 1993 ones from the French coast. For the purpose of this figure, the pH measured in 1992 on the NBS scale has been fitted on the Sea Water Scale.
pC02 distribution in the Southern Bight of the North Sea
the lower tide level (6 May) associated to the highest tidal range corresponds to the lower pCO2 level. In October, lower tidal range corresponds to higher pCO2, suggesting again that extreme pCO2 values are induced by river input whose effect is strongest at low tide. 
Coupling with the atmosphere
Air-sea fluxes can be estimated using observed pCO 2 data and the well-known relationship: F = Ka AP, where F is the flux (mol m -2 s-l), K is the piston velocity (m s l), a is the CO2 solubility coefficient (mol atm -1 m -3) and Ap is the gradient of partial CO2 pressure (atm) through the interface (see e.g. Liss, 1983) . While the coefficient ct is easy to calculate from temperature and salinity (Weiss, 1974) , the piston velocity is difficult because it depends on several parameters which are difficult to evaluate and whose relative importance is furthermore not satisfactorily defined (wind, sea-state, bubbles, surface film, see Liss, 1983; Wanninkhof, 1992) . Wind speed is however recognized as the dominant factor that influences the coefficient and it is possible to estimate a K(v) using a wind-speed relationship from wind-tunnel experiments (Liss and Merlivat, 1986) : K(v) = 4.72 10 7V for V <-3.6 K(v ) = 7.92 10-6V -2.68 10 .5 for 3.6 < V -< 13 K(v) = 1.64 10-SV -1.37 10 -4 for V > 13
(1) (2) (3) where V is the wind speed and both K(v) and V are expressed in m s -1. The above equations can be applied if the temperature dependant Schmidt number Sc (ratio of kinematic viscosity and molecular diffusivity) is about 600, as is the case for CO2. Wanninkhof (1992) has recently proposed an equation for the Schmidt number for CO2 in seawater and for temperature ranging from 0 to 30°C:
Sc, = 2073.1 -125.62t + 3.6276t 2 -0.043219t 3 (4) where t is the temperature in °C.
The wind-tunnel experiments have also shown that the exchange coefficient K is proportional to Sc -2/3 for wind-speeds lower than 5 m s -1 and to Sc -v2 for higher wind-speed values. An exchange coefficient K(v,0, depending on both wind-speed and temperature, can then finally be calculated from:
{ Sc'1-2/3 for V < 5 (57
where K(v) is the appropriate K/wind-speed relationship [equations (1)- (3)].
Correcting K values for the Schmidt number temperature dependence may have significative influence when calculating CO2fluxes: at 15°C, a 2°C variation (as observed in our set of data) induces a change in K of respectively 8 and 6% for wind < and > 5m s 1.
Figures 8 and 9 give measured wind speed and calculated fluxes from pCO2 data obtained along the English and the French Coasts in 1993. During transects along the English coasts, the wind was usually moderate and the magnitude of the flux mainly determined by the importance of the CO2 gradient through the interface, with higher fluxes in the area influenced by the Scheldt input. During transects along the French coast, winds were stronger and the resulting fluxes depend strongly on both the wind and the gradient. So, the 110% CO2 oversaturation observed in October in the western part of the Channel (mean wind speed = 12.7 m s -1) induces a sea-to-air flux that has the same magnitude as the air-to-sea one calculated from the 70% undersaturation observed in the area influenced by the Seine (mean wind speed = 10.5 m s-l). In May, the air-to-sea flux calculated in the eastern part of the transect is an order of magnitude higher during the French transect than during the English one, while the CO2 undersaturations are respectively 30 and 56%.
Due to the combined effects of wind speed and CO2 gradients, instantaneous fluxes calculated from our data are high compared to the estimated mean flux from the atmosphere to the open ocean (0.4-1.9 mmol m -2 d 1, Etcheto and Merlivat, 1988; Tans et al., 1990) .
From a global point of view, it is as yet difficult to use the obtained data set to identify the Channel as a sink or source of atmospheric CO2. Due to the observed spatial and temporal variability, it is not possible to extrapolate our data over the Channel surface or to any time scale. Some major trends can perhaps be suggested from our observations:
• Due to the Scheldt discharge of extremely oversaturated water, the Southern Bight of the North Sea should behave as a source for atmospheric CO2, except when chlorophyll reaches a very high level (>20 pg 1-1) and is able to reverse the gradient through the interface (see also Kempe and Pegler, 1991) . • The area along the French coast in the Eastern Channel appears to be a relatively important sink during both Spring and Autumn. Eutrophication, from the Seine, is probably a dominant process which determines pCO2 gradient in this area (see also Brunet et al., 1992) , without marked oversaturation induced by freshwater input.
English coast
• The rest of the Channel behaves either as a source or a sink, depending most probably on the quality water masses entering the Channel from the Western end.
CONCLUSIONS
Inorganic carbon data are lacking for most of the coastal seas but are needed to get a better estimate of the effective role of the oceans in the global carbon budget. Data obtained in the English Channel show that the surface seawater pCO2 level displays important spatial and seasonal variability. Comparison between pCO2 and other classical parameters suggests the following outlines:
• When biological production is the dominating process, the CO2 distribution is well correlated to both dissolved oxygen and chlorophyll, in spite of the local complex hydrology. Plots of pCO2 vs chlorophyll data agree well with those obtained in the North Atlantic during phytoplanktonic bloom.
• Where river inputs carry oversaturated water (Scheldt), the pCO2-chlorophyll relationship is not observed and oversaturation can be observed in association with high chlorophyll content. • In some specific areas, such as near the highly eutrophicated Scheldt Estuary, huge spatial and seasonal variations are observed and this site could behave as a CO2 source towards the atmosphere, associated to a high chlorophyll content.
• Calculated air-sea CO2 fluxes, based upon wind speed and pCO2 measurements, can be one-to two-orders of magnitude higher than the estimated total flux from the atmosphere to the ocean, highlighting the fact that fluxes in the coastal ocean may play a non-negligible role in the global budget.
• The observed variability hampers any extrapolation and it is so far not possible to classify the area in terms of source or sink for atmospheric CO2. Because instantaneous calculated fluxes are quite high, it would be interesting to carry out further investigations in this area in order to be able to propose a global atmospheric budget on an annual basis. Results presented here show evidence of the relative importance of coastal seas in the oceanic carbon cycle. Simultaneous field data of inorganic carbon and biological indicators in coastal areas are then needed to get a better understanding of the total ocean. 
